Samples of pelagic carbonates from Ocean Drilling Program Hole 958A were analyzed for the unsaturation index of C 37 alkenones, a proxy for sea-surface temperature (SST), over a record that ranges from 2.2 to 6.5 Ma. Sufficient alkenones were recovered from all samples to estimate past SST. The profile shows quite stable unsaturation values from 6.5 to 2.5 Ma. Two significant excursions toward lower unsaturation indices occur at ~2.3 and 2.5 Ma, with a more modest decrease at ~3.1 Ma. These indicate that North Atlantic SST decreased during times of increased Northern Hemisphere glaciation. Using the Prahl et al. (1988) calibration to convert unsaturation indices to paleotemperature, we deduce that late Miocene through early late Pliocene SSTs at the location of Hole 958A were about 25.3 ± 1°C, and that the late Pliocene coolings associated with glaciation were of the order of 5°C, similar in magnitude to the most recent glacial-interglacial change in SST in the region. Results from Site 958 suggest that, with the initiation of Northern Hemisphere ice sheets, high latitude temperature anomalies were linked to large decreases in ocean temperatures in the subtropical North Atlantic.
INTRODUCTION
For a little more than a decade, organic geochemists have been developing an understanding of the environmental significance of the unsaturation index of organic biomarkers (C 37 and C 38 alkenones), compounds uniquely synthesized by a few species of haptophyte algae (Conte et al., 1992; Volkman et al., 1980; Marlowe et al., 1984; Brassell et al., 1986; Prahl et al., 1988; Brassell, 1993) . Although early reports included mention of alkenones in samples as old as Eocene age (Marlowe et al., 1984) , and subsequent studies found C 40 ketones in sediments of Cretaceous age (Farrimond et al., 1986; Yamamoto et al., 1996) , most studies have concentrated on alkenone determinations over the past few glacial cycles, the time range over which the two principal modern alkenone-synthesizing species, Emiliania huxleyi and Gephyrocapsa oceanica have both existed (Jasper and Gagosian, 1989; Eglinton et al., 1992; Lyle et al., 1992; Rostek et al., 1993; Zhao et al., 1993; Prahl et al., 1995; Schneider et al., 1995; . Calibration functions have been developed to relate the unsaturation index, which is defined as U k′ 37 = C 37:2 /(C 37:2 + C 37:3 ) (Prahl et al., 1988) to the growth temperature. In most cases, field and laboratory culture studies have assumed that E. huxleyi is the dominant alkenone-producing species in the modern ocean.
We report here on the results of U k ′ 37 time series applied to sediments that significantly predate the evolutionary appearance of E. huxleyi at about 0.26 Ma. Pliocene through late Miocene-age samples were obtained from ODP Hole 958A at a rate of two per section from Cores 159-958A-5H through 14H. Age assignment of the samples was derived from a smoothed-spline fit of biostratigraphic age estimates (Firth et al., 1996) as a function of depth (Fig. 1) . The sampling resolution is ~60 k.y. for the time interval 2.2−4 Ma, and ~25 k.y. for the interval from 4 to 6.5 Ma. It is important to note that this sampling is below the resolution required to detect obliquity-(41-k.y. period) and precessional-(23-and 19-k.y. periods) related climatic cycles and at about the limit for resolving 100-k.y. cycles related to eccentricity. Orbital-scale variance is evident in core photographs of Site 958 sediments, which show alternating lithologies on decimeter scales (see Firth et al., 1996) . Orbital-climatic sensitivity in Pliocene and late Miocene time periods has already been demonstrated by analyses of oxygen isotopes (Raymo et al., 1992; Shackleton et al., 1995) and lithologic time series (Bloemendal and deMenocal, 1989; deMenocal, 1995) . We thus consider our results to provide an indication of the variance of sea-surface temperature (SST) from 2.2 to 6.5 Ma in the subtropical North Atlantic that will need development through high-resolution sampling.
METHODS
Samples (~6 g dry weight) were freeze-dried and extracted in a 3:1 (v/v) methanol:hexane solution using an automated pressurized fluid extraction (PFE) device (ASE 200 Figure 1 . Model used to convert samples obtained from Hole 958A to age, via a smooth spline fit (solid curve). The age estimates are taken from biostratigraphic data listed in Firth et al. (1996). samples to small volumes of solvent at elevated pressure and temperature. It extracts organic compounds rapidly and delivers the extracts to annealed glass vials with PTFE septa. Extractions were carried out for 15-min at 150°C. Cross-checks with homogenized material show no difference in recovery efficiency or in unsaturation index between Soxhlet and PFE methods. Organic extracts were dried under a nitrogen stream prior to dilution for gas chromatography. All samples were analyzed for alkenones by gas chromatography with flame-ionization detection. Samples were prepared using toluene as a solvent, and autosampler vials were sealed with PTFE septa to prevent the appearance of ghost peaks observed with rubber or silicone septa. The chromatographic column used was an HP-1 (50-m length, 0.2-mm diameter and 0.11-µm film thickness). Temperature programming was 12.5°C/min to 250°C, followed by 1°C/min to 290°C, with an isothermal holding step at 320°C for 15 min. Calculation of the U k′ 37 index followed graphical determination of C 37:3 and C 37:2 peak areas using Hewlett-Packard Chemstation software. Quantification of abundance is achieved by addition of C 36 and C 37 n-alkanes as external standards.
We routinely achieved a reproducibility of ±0.01 U k ′ 37 units, as determined by multiple extractions of sediment standards from the Santa Barbara Basin and the central California Margin. This corresponds to a nominal 0.3°C temperature uncertainty using the Prahl et al. (1988) calibration and barring other complications in interpreting the unsaturation index. Several modifications of laboratory procedures helped us to avoid steps in sample preparation that can lead to small (order of 0.02−0.04 U k′ 37 units) but systematic biases in the final U k′ 37 determination. We found that using hexane to transfer lipid extracts can cause a noticeable fractionation in favor of the C 37:3 alkenone; this was verified by a number of replicate leaches of the walls of glassware using methylene chloride following transfer with hexane. Small amounts of alkenones, but with a highly pronounced C 37:2 to C 37:3 ratio were detected in these residues by gas chromatography. No residual alkenones were detected in glassware if methylene chloride or methanol was used to transfer lipid extracts.
No silical-gel column clean-up procedure was used because this often leads to fractionation of the U k ′ 37 index (Rossell-Mele, 1994; Zhao, pers. comm. 1996; Herbert, unpubl. data) . We also ran samples within 2−3 days after extraction to minimize a time-dependent reduction in C 37 ketone abundance (oxidation?) that can bias the U k′ 37 ratio.
RESULTS
All 133 samples extracted yielded sufficient alkenones for U k ′ 37 determination (Table 1) . Sample chromatograms are presented in Figure 2 . Abundances varied from 7 to 1750 ng/g dry sediment, with an average of ~120 ng/g. Similar values are recorded in late Pleistocene-age pelagic sediments (Prahl et al., 1989; Sikes et al., 1991) ; Holocene-age continental margin sediments from upwelling areas contain one to three orders of magnitude higher concentrations of C 37 alkenones (McCaffrey et al., 1990; Kennedy and Brassell, 1992) . Organic geochemical analyses from Ocean Drilling Program (ODP) Site 958 thus help to confirm the diagenetic longevity of alkenones inferred from storage experiments (Sikes et al., 1991) and from other reports of their occurrence in pre-Pleistocene sediments (Marlowe, 1984; Brassell, 1993; van der Smissen and Rulkotter, 1996) . The U k′ 37 time series is displayed in Figure 3 . Age assignments of individual samples have uncertainties on the order of 0.1 m.y., and the effect of uneven temporal sampling is evident in the higher concentration of data in the older portion of the record. The average U k ′ 37 value for the entire data set is 0.901, which, using the Prahl et al. (1988) calibration, corresponds to an average SST at Site 958 of 25.3°C for the time period 2.2−6.5 Ma. We also show in Figure 3 a benthic isotope curve over the same time interval from Shackleton et al. (1995) , which provides a reference curve for global climate. Note that the correlations indicated by dashed lines are tentative, and that the time scale for the Shackleton et al. (1995) isotope data is considerably more precise than that for Hole 958A. U k ′ 37 data at Hole 958A show a significant relation to late Miocene to late Pliocene climatic history. The record prior to about 3.5 Ma has small (order of 1°C reconstructed SST) variances with suggestions of long wavelength (order of 0.5 m.y.) trends in unsaturation and SST. Beginning at ~3.5 Ma, and becoming more intense at ~2.5 Ma, large U k ′ 37 anomalies appear. These take the form of sharp decreases in SST on the order of 5°C. In each case, the "cold" anomalies coincide with carbonate-poor beds documented in core photographs (Firth et al., 1996) . Cold SST anomalies at Site 958, as inferred from alkenone measurements, coincide to within stratigraphic error with the by now well-established onset of large-scale Northern Hemisphere glaciation between 2.5 and 3 Ma (Shackleton et al., 1984; Raymo, 1994) . The organic geochemical data argue that the climatic coolings associated with the appearance of ice-rafted debris in the North Atlantic and with increased oxygen isotopic variance led to substantial reductions in subtropical SST as well. Cooling of surface waters apparently accompanied low-carbonate intervals in the sediment, the same association of lithology that characterizes late Pleistocene carbonate cycles of the North Atlantic (Gardner, 1975) .
CALIBRATION OF U k ′

TO SST
How faithfully do the U k ′ 37 values from Pliocene and late Miocene samples record past SST? Throughout this paper, we have converted unsaturation indices to estimated SST using the Prahl et al. (1988) calibration. There are good reasons to believe that the interpretation of relative changes in surface ocean temperature is secure. First, the basic relation of alkenone unsaturation index to growth temperature seems to be a robust biological response (Prahl and Wakeham, 1987; Prahl et al., 1988; Brassell, 1993; Lesley et al., 1996) . The co-occurrence of alkenones and nannofossils of the family Gephyrocapsae since the Eocene (Marlowe et al., 1990) suggests that alkenone synthesis originated in haptophytes ancestral to modern-day alkenoneproducing species. As long as the alkenones performed a similar biological function (membrane related? see Prahl et al., 1988) , it is reasonable to assume that calibration functions developed from modern species should apply to the older record. The precise calibration of U k ′ 37 to SST must, of course, remain more uncertain, as the relation demonstrated by field and laboratory studies dominated by E. huxleyi may not be strictly applicable to older sediments. Again, we feel that the reconstruction presented in Figure 3 is probably close to the truth. There is no evidence, for example, that late Pleistocene U k ′ 37 time series show breaks in the mean or variance at 0.26 Ma, the first evolutionary appearance of E. huxleyi . Furthermore, although it has been suggested that G. oceanica, and by extension other precursor alkenone-synthesizing species, may have different relations of alkenone unsaturation index to growth temperature (Volkman et al., 1995) , core-top studies fail to find evidence for significant departures from a global relation of unsaturation to SST (Sikes et al., 1991; Brassell, 1993; Rossell-Mele et al., 1994; Sonzogni et al., 1997) even where a major fraction of the coccolithophorid flora is composed of G. oceanica (Herbert et al., in press ). We also note that the relationship of U k ′ 37 to the equivalent unsaturation index of the C 38 methyl ketones, U k ′ 38me , for Pliocene and Miocene age samples is identical to that established for late Pleistocene material. This observation argues that the systematics of the alkenone unsaturation response have remained similar over long time spans.
Finally, the association of large U k ′ 37 anomalies at Site 958 with a global climatic transition well documented at other sites by other sediment proxies (Shackleton et al., 1984; Shackleton et al., 1995; Raymo, 1994 ) is unlikely to be coincidental. The consistent association of cool reconstructed SST with independent lithologic indices of pa-leoclimate (low carbonate intervals) in Site 958 core material argues for causal links between U k ′ 37 and climate. As is true for the late Pleistocene, glacial phases of climate produced low-carbonate sediments in the North Atlantic and lowered SST. We cannot exclude biases built into the alkenone recorder as a result of seasonal variations in haptophyte algal production and depth habitat (Conte et al., 1992; Prahl et al., 1993) . It seems likely, however, that these would be small in comparison to the ~5°C anomalies detected near the 2.5-Ma climatic transition.
SIGNIFICANCE OF THE HOLE 958A ALKENONE RECORD
The temperature estimates provided by alkenone data suggest that increases in high-latitude Northern Hemisphere ice volume coincided with significant transient cooling in the subtropical North Atlantic. With better sample resolution, these reductions in SST will almost certainly correspond to the orbitally paced δ 18 O record (e.g., Raymo, 1994; Shackleton et al., 1995) . The approximately 5°C lower SST deduced for some Pliocene glaciations is comparable to the most recent 4.5°C glacial-interglacial cooling determined from alkenone time series at ODP Site 658 (Zhao et al., 1993) , located about 3° south of ODP Site 958, and to the 4°−6°C cooling from the Holocene to the Last Glacial Maximum estimated from planktonic foraminifer transfer functions (CLIMAP, 1981; Mix et al., 1986) .
The virtue of the organic geochemical determinations is that they provide a proxy that is almost certainly related directly to past SST during a time interval in which other paleotemperature indices are problematic. While oxygen isotopic time series of planktonic foraminifers may well have temperature significance, it is not possible at present to partition variance in Pliocene and Miocene records into ice volume and temperature components with much certainty (Shackleton et al., 1995) . Faunal assemblage data may also be used to map SST variations over this time (Dowsett and Poore, 1990; Dowsett et al., 1994) , but because many assemblages in older sequences have no modern analogs, the calibration of micropaleontological data to temperature has large uncertainties. We argue that the unsaturation index of C 37 alkenones has been demonstrated to have a fundamental relationship to growth temperature in the modern environment, and that this general relationship should hold in the past. Our results also shed light on the spectral transition seen in proxy records of African dust (Bloemendal and deMenocal, 1989; deMenocal, 1995) over the same time span. These authors have argued that the increase in 41-k.y. power found in tropical marine records of dust flux at ~2.5 Ma shows the penetration of high-latitude climatic influences into the tropical climate as Northern Hemisphere ice sheet sizes expanded. The U k ′ 37 time series from Site 958 suggests that subtropical SSTs, which might be expected to have a strong effect on monsoonal climates of Africa, began to experience large amplitude changes at the same time. If glacial-interglacial SST variations in the Pliocene were similar in pattern to the Last Glacial Maximum (cf. CLIMAP, 1981) , then changes even larger than the 5°C deduced for Hole 958A must have occurred in the North Atlantic.
A significant increase in the temporal resolution of alkenone unsaturation data is clearly needed for the time interval that spans the 2.5-Ma climatic transition, as is the addition of similar data at other locations from the North Atlantic. For example, the present data set does not resolve late Pliocene SST variations at the resolution of the orbital cycles that triggered changes in ice volume and other aspects of climate (cf. Raymo et al., 1992; Shackleton et al., 1995) . One intriguing implication of our data is that a significant fraction of the planktonic (and perhaps benthic) foraminifer oxygen isotopic anomalies in the late Pliocene could be due to changes in ocean temperature rather than ice volume. Table 1 for depth and estimated age of samples. Shackleton et al., 1995) suggested with dashed lines. Note the large increase in variance at ~2.5 Ma, with possible cold "precursor" events at ~3 and 3.4 Ma. Cold anomalies are associated with clay-rich strata, and probably coincide with glacial events.
